A validated ion chromatographic method was developed and applied for the determination of the maximum solubility of pyridinium ionic liquids in several aromatic solvents. Elution was performed on a Metrosep C3 -150 prototype column at 408 8 8 8 8C with acetonitrile -water at a flow rate of 1.0 mL min 21 . Mixtures of pyridinium ionic liquids and aromatic solvents were diluted with acetonitrile and acetone on a 1:1:2 weight base before the analysis. The intraday relative standard deviations (n 5 3) for peak areas were 0.60-2.9%. Accuracy in the measurement of samples ranged from 98.5 to 105%. The limit of detection for both pyridinium ionic liquids in all solvents varied between 0.73 and 2.6 mg kg 21 . This assay has been successfully applied in the determination of the maximum solubilities of both pyridinium ionic liquids in several aromatic solvents. This method demonstrated that with increasing aromatic character and/or temperature the solubilities of both investigated pyridinium ILs in the aromatic solvents increase. This is primary caused by the nature of the anion.
Introduction
Ionic liquids are a novel class of semi-organic solvents, which are liquid at temperatures ,1008C and remain liquid over a wide temperature range. Furthermore, ionic liquids have negligible vapor pressure at room temperature and, therefore, are nonvolatile. Ionic liquids are also non-flammable and can be water soluble. By careful selection of the cation and anion, the affinity of the ionic liquids for other molecules can be altered. This makes ionic liquids very suitable as solvents in affinity separation processes as we reported in earlier work (1) . The use of ionic liquids in industrial separation processes offers various benefits, such as lower energy consumption and lower investment costs when ionic liquids are used (2 -8) .
An example of a difficult industrial separation process is the separation of aromatic and aliphatic compounds present in naphtha. Previous studies have shown that the ionic liquids 4-methyl-N-butylpyridinium tetrafluoroborate ([4-mebupy]BF 4 ) and 3-methyl-N-butylpyridinium dicyanamide ( [3- mebupy]N(CN) 2 ) are promising solvents for the extraction of aromatics from aromatic/aliphatic mixtures (9 -12) . The structures of both ionic liquids are shown in Figure 1 . In this extraction process, the aromatic compounds are transferred to the ionic liquids phase (extract) and the aliphatic compounds remain mainly in the raffinate phase. Since the presence of ionic liquids in the raffinate phase will cause contamination and fouling in further processing, it is of the utmost importance that the amount of ionic liquids present in the raffinate phase is as low as possible, preferably entirely ionic liquid free (2, 12) .
Since it is necessary to have a very low amount of ionic liquids in the raffinate, also a very sensitive and robust analytical method for the determination of the ionic liquids is required. Certain methods can already be ruled out, e.g., gas chromatography (GC). GC is not a valid technique for the determination of ILs due to their almost impossible evaporation in the injector. Therefore, several other techniques have been reported to determine and to quantify ionic liquids in a sample. Ko¨nig et al., Meng et al. and Li et al. developed a very reliable and stable method that can be used to quantify ionic liquids in an aqueous solution with the use of ion chromatography (13 -17) . The mobile phase in these reported techniques is usually a buffered aqueous solution, whereas the sample or standard solution can be an aqueous solution or a solution of different ionic liquids (18) (19) (20) (21) (22) (23) (24) .
Examples of other methods include LC-MS (23, 25, 26) , and LC with other detection systems, using LC in reverse-mode, normal-mode and ion chromatography (19, 27 -29) . Paszkiewicz and Stepnowski published a nice overview of several methods to determine ionic liquids, in which they state that ion chromatography is a useful technique for the determination of inorganic anions and cations that can be applied to the analysis of environmental and biological samples, since it offers a versatile, selective and sensitive analysis that is relatively low in cost (29) . They describe the application of ion chromatography in aqueous environmental and industrial samples. The correlation coefficient for calibration plots of 1-butyl-3-methylimidazolium was 0.998, the reproducibility of the peak area was 1.36% and the reproducibility of the peak retention was 0.23%. Several authors reported the determination of pyridinium ionic liquids.
Stepnowski et al. determined 1-alkyl-3-methylimidazolium and 4-methyl-N-butylpyridinuim cations by ion exchange chromatography and reversed-phase high-performance liquid chromatography. They focused on the influence of the pH of the mobile phase, the buffer concentration and the concentration of the organic modifier on the performance of the method (27) . Meng et al. determined four pyridinium ionic liquid cations by reversed-phase ion-pair chromatography to determine ionic liquids in surface water (30) . Chen et al. described the determination of pyridinium ionic liquid cation by ion chromatography with direct conductivity detection. The simple method was successfully applied to determine pyridinium ionic liquids in spiked surface water, and the results were accurate and reliable (31) . According to Chen et al. ion chromatography is very easy to perform, and can be carried out without a suppressor, which makes the method very practical.
All reported methods have one drawback: until now, they have only been used to determine ionic liquids in mixtures of ionic liquids, or in aqueous samples, using a buffered aqueous solution as the mobile phase. The use of a buffered aqueous solution is disadvantageous when determining ionic liquids dissolved in organic samples. This is due to the limited solubility of organic solutions (sample) in the aqueous buffer systems (mobile phase, eluent). The interface between the organic sample and the aqueous buffer limits mass transfer, thus hindering a clear chromatographic separation of the components to be determined. Until now, no accurate analytical procedure for the quantification of ionic liquids in organic solutions, like mixtures of aromatic and aliphatic compounds that resemble naphtha, has been developed. In industrial, biotechnological or other applications of ionic liquids, however, more and more organic solvents are involved (11, 32, 33) . This is why there is a growing need for the hereby proposed analytical method to determine the ionic liquids content of organic solvents.
In this paper, we present an ion chromatography based method that is capable of quantifying small amounts ( ppm level) of pyridinium ionic liquids in mixtures of aromatic and aliphatic components. The investigated ionic liquids were used to separate aromatic and aliphatic hydrocarbons, as reported in our earlier work (1, 2, 5, 6, 11) . The solubility of the ionic liquids in the raffinate phase (the aliphatic component phase) is very low to negligible, but ionic liquids are present in a higher concentration than the maximum solubility due to entrainment. The determination of ionic liquids in the raffinate phase by IC exists of pretreatment of the sample to be analyzed in order to facilitate the transport of the ionic liquids from the sample into the stationary phase. This pretreatment consists of adding sufficient acetonitrile to the sample, which facilitates the in situ transfer of the ionic liquid from the sample. In order to be sure to have one phase only, we have used acetonitrile to dissolve the ionic liquid first and then the other compounds. This solvent is also used by others in combination with methanesulfonic acid (31, 34, 35) . When using this method, the above described problem of the low miscibility of sample and eluent can be avoided, making it possible to quantify the solubility of ionic liquids in organic solvents. Moreover, acetonitrile enhances the ionic conductivity of ionic liquids by a factor of 50, thereby improving the conductometric detection (36) . In the present work, the results of obtaining calibration curves for analysis with the ion chromatograph using the method described above will be shown. Thereafter, in order to check the accuracy of the proposed method, a test with known concentrations is conducted. Finally, the application of the established method to quantify the solubilities of the ionic liquids [4- 2 in several aromatics will be presented and the relation with ionic liquid structure discussed. A.S., France), toluene (99.8%, Sigma-Aldrich Chemie GmbH, Germany), ethylbenzene (!99%, Sigma-Aldrich Chemie GmbH, Germany) and o-xylene (99%, Schuchardt, Germany). Methanesulfonic acid (!98%, Sigma-Aldrich Chemie GmbH, Germany) was used to adjust the pH value of the eluent solution for the ion chromatographic analysis. All above listed substances were utilized without further treatment.
Experimental

Materials and equipment
The ion chromatographic setup was purchased from Methrom Ltd., Switzerland, and consisted of a 733 IC Separation Center coupled with a conductometric 732 IC detector, a 709 IC pump, an 830 IC Interface and an 863 IC Compact Autosampler. A Varian ProStar column oven Model 510 (Varian, Inc., Netherlands) was used to heat the guard column (Metrosep RP Guard, Methrom Ltd., Switzerland) and the column (Metrosep C3-150 prototype, size 6.0 Â 150 mm, particle size 7.0 mm, Methrom Ltd., Switzerland) to 40 + 0.18C. The column is a cation column and the carrier material is polyvinyl alcohol with carboxyl groups. The ion exchange capacity of the whole column is 16 mmol K þ . The program used to record the chromatographic data was the Chromatography Control and Data Acquisition System IC Net Version 2.3 SR3 (Methrom Ltd., Switzerland).
Standard preparation
The standard solutions for ion chromatographic analyses were prepared by first dissolving each ionic liquid in acetonitrile (99.9%, VWR International S.A.S., France), and then adding an equivalent mass of the above mentioned respective solvents, i.e., benzene, toluene, ethylbenzene or o-xylene. In this way, it is ensured that each ionic liquid is dissolved in the acetonitrile/ solvent mixture. The resulting ionic liquid concentrations, being calculated on an acetonitrile free basis, were in the range of 5 mg kg 21 (0.017 mol L
21
) to 235 mg kg The resulting solution had an acetonitrile concentration of 50% (w/w). To this mixture of ionic liquid, solvent and acetonitrile, an equivalent mass of acetone (.99.8%, VWR International S.A.S., France) was added in order to form one phase, since the miscibility of aliphatic compounds and acetonitrile is very low and since both these components are miscible in acetone. From solubility tests, it was concluded that the best ratio for the solution was standard solution:acetonitrile:acetone of 1:1:2 to avoid emulsification. The relative error during standard preparation was ,0.35%. The resulting solution was directly injected into the IC.
Chromatographic conditions
The developed chromatographic method used a reverse phase approach, as the eluent consisted of 50% (w/w) demineralized water and 50% (w/w) acetonitrile. The pH value of the eluent was adjusted with 0.85 mM methanesulfonic acid to a value of 2.70. The column temperature was 40 + 0.18C. The applied flow rate was 1 mL min 21 and the resulting pressure was 3 MPa. The sample loop contained a volume of 100 mL. The time for each run was 20 min.
When a sample containing salts, in this case ionic liquids, is injected, the sample cations will be taken up by the cation exchange resin and exchanged for an equivalent amount of eluent cation E þ . The sample zone travels down the separator column at a rate equal to the effluent flow rate. This zone contains the anions present in the original sample and an eluent cation concentration equivalent to that of the sample cations. If the conductance of the cations and anions in this zone is greater than that of the eluent, a positive pseudo peak will be observed when this zone passes through the conductivity detector. After the sample plug has passed, the baseline is quickly restored to that obtained with the eluent alone. The solute cations gradually move down the column with the eluent.
Accuracy of analysis
According to the procedures applied during standard preparation, ionic liquid solutions were spiked with ionic liquid concentrations between 95 and 127 mg kg 21 . These were analyzed according to the method explained above. The amount of ionic liquid present in the sample was compared with the ionic liquid amount calculated using the previously determined calibration curves. This test provides insight in the accurateness of the proposed method.
Solubility measurements
For the determination of the maximum solubility of [4-mebupy]BF 4 and [3-mebupy]N(CN) 2 in benzene, toluene, ethylbenzene and o-xylene, 0.1 g of ionic liquid was added to 25 g of solvent in a 50-mL Erlenmeyer flask closed with a PTFE sealed screw cap. The solutions were vigorously shaken by hand and immediately placed in a tempered shaking bath. The frequency of the shaking was set at 120 rpm. The temperatures were adjusted to 20 + 0.028C, 40 + 0.028C and 65 + 0.028C, respectively. After 20 h of shaking, the shaking was stopped and for at least 7 h the flasks were left in the tempered shaking bath for gravimetric phase separation. Then, a sample of the solvent layer, the saturated aromatic solvent, is taken. This is done by minimally submersing the tip of a pipette into the solvent to avoid entrainment of ionic liquid droplets. The sample is then diluted with acetonitrile in a 1:1 (w/w) ratio. After this, the resulting mixture of sample and acetonitrile is diluted with acetone in a 1:1 (w/w) ratio, thus leading to a resulting composition of sample:acetonitrile:acetone 1:1:2, on weight base. This mixture is then analyzed with the method explained above. From visual inspection, it seemed clear that phase separation was complete after 7 h, but in order to check this assumption, analyses of the previous sample were made for three consecutive days, and the results indicate that 7 h is enough to obtain complete phase separation.
Results and Discussion
Determination of [4- Figure 2 . The resulting peak areas are presented in Table I . The peak asymmetry is probably caused by the formation of triple complexes between a solute molecule (or molecules), an already adsorbed solute molecule and an adjacent region of the polymeric stationary phase. These triple complexes may influence the retention of analytes and contribute to peak asymmetry (37) . Peak tailing is a real and unavoidable problem with most LC separations. Peaks tail because more than one retention mechanism is present in a separation, and one of those mechanisms is overloaded.
The peak areas of [4- 
In Eq. (1), C aro and A aro represent the ionic liquid concentration of the used aromatic solvent and the area corresponding with that concentration. C tol and A tol are the concentration and area found for toluene. The calculated value for q is an indication for the influence of the aromatic solvent on the proposed method. The value of q should be as close as possible to unity, indicating that the nature of the aromatic solvent used has no influence on the calibration curve. From Table I , it appears that the method can be applied for quantifying [4- mebupy]BF 4 dissolved in toluene, benzene, ethylbenzene and o-xylene, because all values of q approach unity. Furthermore, it can be concluded that the peak area of [4-mebupy]BF 4 is repeatable, given the small relative standard deviations in areas in Table I .
The above proposed method was used to determine calibration curves for [4-mebupy]BF 4 dissolved in the aromatic solvents given in Table I . The investigated concentration range was between 5 and 235 mg kg 21 . The slopes with errors and coefficients of determination r 2 of the linear trend line are presented in Table II 4 with the developed method was determined using the formula proposed by Knoll (38) , as given in Eq. (2)
In Eq. (2), C lod is the detection limit, h s /C s is the analyte peak height/unit amount of analyte, h n is the largest noise fluctuation observed in the noise measurement interval and K lod is a constant, determined for the measurement interval employed. As peak width multiple, an indication for the size of the time interval chosen on the used chromatogram for the determination of the largest noise fluctuation h n , a factor of 10 is chosen, giving a value for K lod of 1.9718 (38) . In Supplementary data, , respectively. Its variation can be explained by the fact that for the different aromatic solvents the maximum height of the noise differs, as illustrated by the h n values in Supplementary data, Table SI.
Determination of [3-mebupy]N(CN) 2 in aromatic solvents
In order to determine whether also other ionic liquids can be quantified with the developed method, standard solutions of [3- mebupy]N(CN) 2 in toluene, ethylbenzene, o-xylene and benzene, respectively, were used. However, also in this case, the ionic liquid values given below represent the hypothetical concentrations of the ionic liquid in the aromatic solvent only, i.e., excluding acetonitrile and acetone. These solutions contained 96-108 and 192-241 mg kg 21 of [3-mebupy]N(CN) 2 . In Figure 3 , examples of the obtained chromatograms at [3- mebupy]N(CN) 2 concentrations between 192 and 241 mg kg 21 are given. The resulting peak areas are presented in Table III . , N ¼ 5. Table III . To compare the results, the coefficient q (Eq. (1)) is calculated again.
Regarding the results shown in Table III , it appears that the method can be applied for quantifying [3- mebupy]N(CN) 2 dissolved in toluene, ethylbenzene, o-xylene and benzene, respectively, because q approaches unity again. Furthermore, it can be concluded that also the peak area of [3- mebupy]N(CN) 2 is repeatable, given the small relative standard deviations in area in Table III .
The investigated hypothetical concentration range was between 5 and 241 mg kg 21 . The slopes with errors and coefficients of determination r 2 of the linear trend line are presented in Table IV .
The detection limit for [3-mebupy] N(CN) 2 with the developed method was determined using the formula proposed by Knoll (38) , see Eq. (2). As peak width multiple, a factor of 10 is chosen, so the value for K lod is 1.9718 (38) . In Supplementary data, Table SII , results of the detection limits for [3- The variation of the detection limit can be explained by the fact that for the different aromatic solvents the maximum height of the noise differs, which is the highest when benzene is used as solvent. Once again this is illustrated by the h n values in Supplementary data, Table SII .
Accuracy of analysis
In Table V , an overview is given to test whether the used method and apparatus provide consistent results for the determination of the concentrations of ionic liquids in aromatic solvents. Therefore, a known concentration of the used ionic liquid is dissolved in a solution of an aromatic solvent and acetonitrile. Similar ionic liquid concentrations as the standard solutions for the calibration curves were prepared. The solution is then analyzed by the proposed method and the concentration determined via the calibration curve compared with the original concentration. Table V shows the accuracy between the spiked and determined concentrations. The errors for the spiked concentrations are calculated using the balance deviation, those for the determined concentrations are estimated using the errors presented in Tables II and IV . There is no statistically significant difference between the spiked and determined concentrations. Combining latter accuracies with results for the coefficients of determination (r 2 ) as calculated in Tables II and IV , which all exceed 0.99, it indicates that the method is reliable and accurate. Figure 4 .
Solubilities of ionic liquids in aromatic solvents
In order to check whether phase separation is complete after 7 h of settlement, analyses of the original sample are made for two consecutive days. From the results presented in Table VI , it is clear that there is no change in concentration of [3-mebupy] N(CN) 2 dissolved in toluene. Therefore, it is justified that 7 h of settlement is sufficient to ensure complete phase separation after 20 h of shaking the ionic liquid with the aromatic solvent.
From Figure 4 , it is clear that for all ionic liquids and for all aromatics, solubilities increase with increasing temperature as explained by Prausnitz et al. (39) . Furthermore, one can conclude that with increasing aromatic character (from ethylbenzene or o-xylene to benzene), the solubility of both examined ionic liquids increases. This can be explained from the aromatic structure of the cations of both ionic liquids, as illustrated in Figure 1 . It is known that cations form p -p interactions with the used aromatics (40) . Alkyl groups attached to the aromatic ring disturb this kind of p-p interactions. When longer or more alkyl-chains are attached, less strong p-p interactions are possible, because the p-electron cloud is weakened by alkyl substituents attached to the ring and by steric hindrance. Less strong p-p interactions mean a lower solubility which is confirmed in Figure 4 . It is clear that for benzene and to a lesser degree for toluene, the amount of [4-mebupy]BF 4 dissolved is higher than the amount of [3-mebupy] 
Hansmeier et al. (41) proved that the quantum chemicalbased tool COSMO-RS can be applied for the screening of ionic liquids as extraction solvents for the separation of aromatics from aliphatic hydrocarbons. With COSMO-RS, component activity coefficients at infinite dilution can be estimated. These calculations confirmed that the solubility of [4-mebupy]BF 4 is expected to be 1.5 times higher than those of [3-mebupy] N(CN) 2 . This also in agreement with Wang et al. (42) , who proved that anions with a higher surface charge density encounter stronger electrostatic interactions with their cation. The structure of the N(CN) 2 2 anion, being more flat than the tetrahedral structure of the BF 4 2 anion, results in a (local) higher charge density for the N(CN) 2 2 anion as is confirmed in the calculated COSMO-RS s-surfaces and is shown in Figure 5 . This leads to stronger electrostatic interactions of the N(CN) 2 2 anion with its cation in the [3-mebupy]N(CN) 2 phase and, consequently, a stronger ion structure, causing a lower solubility of [3-mebupy] N(CN) 2 in aromatic solvents.
Conclusion
An ion chromatographic method for the quantification of the ionic liquids concentrations in aromatic solvents has been developed. Mixtures of ionic liquids and aromatic solvents were diluted with acetonitrile and acetone on a 1:1:2 weight base to enhance transfer of the solute to the eluents. With a chromatographic time of only 20 min, linear standard curves for both ionic liquids (r 2 varying from 0.9980 to 0.9998), precisions (relative standard deviations) being better than 2.9%, accuracy ranging from 98.5 to 105.4% and finally a limit of detection for both ionic liquids in all solvents varying between 0.7 and 2.6 mg kg 21 , the method is proven to be simple and efficient with excellent accuracy and precision. The utility of the method has been demonstrated by quantifying the maximum solubility of two ionic liquids, [4-mebupy]BF 4 and [3-mebupy]N(CN) 2 , in four aromatic solvents. The results showed that with an increase of the aromatic character of the solvent (ethylbenzene % o-xylene , toluene , benzene) more ionic liquid dissolves. In every solvent used, but most notable for benzene, more [4- mebupy]BF 4 is dissolved than [3- mebupy]N(CN) 2 . The current developed method is, undoubtedly, a good tool for further research into the applicability and process design for the separation of aromatic and aliphatic components with the use of ionic liquids as extractant.
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